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It is well established that initiation and development of atherosclerosis is attributed to the local haemodynamic parameters [1-4], which determine the stress patterns and levels created by the blood flow on endothelial cells, and subsequently influence and regulate their mechanobiology [3]. Due to the pulsatile nature of blood flow in arteries, the endothelial cells lining within the inner layer of arterial wall (Intima) are constantly exposed to pulsatile tensile, shear (the frictional force exerted by the flowing blood on the wall surface) and circumferential forces and stresses (Figure 1). In addition, elasticity of the arterial wall is also known to markedly influence the value and profile of pressure gradient wave and velocity field of blood flow [5-7], and therefore significantly affect wall shear and circumferential stresses across the arterial tree. These data highlight the complex interactions of the local haemodynamic parameters, and the mechanotransduction and mechanbiology of the endothelial cells in vivo.

Physiologically, in normal haemodynamic conditions, the forces exerted by blood flow on endothelial cells cause them to generate molecules that promote a vasodilatory, anti-coagulant, anti-inflammatory and growth-inhibitory surface [9]. Conversely, abnormal local haemodynamic environment could impact the normal mechanotransduction of the endothelial cells, triggering the process of atherogenesis [3,4,10]. The initiating stages of arterial plaque formation, namely fatty streaks, occur preferentially in regions with disturbed local blood flow patterns, which stimulates specific mechanosensors located on endothelial cells. These mechanosensors convert the mechanical stimuli into biochemical signals which are atherogenic, in that they promote the accumulation of lipids and free and esterified cholesterol, stimulate expression of leukocyte adhesion molecules, and growth factors that cause proliferation and transmigration of monocytes/macrophages, as well as smooth muscle cells [2,10]. As a result the endothelium becomes more permeable to the circulating lipoproteins and other biologically active substances, eventually leading to plaque formation [3]. 
In addition to triggering the plaque formation, local haemodynamic parameters can also affect the plaque development. Blood stagnation, which occurs in low blood flow regions, can augment the plaque development as a result of increase in the residence time of blood atherogenic particles, prolonging their contact time with the endothelium, and thus facilitating their subendothelial migration through the damaged endothelium [3]. High blood flow rates and pressures, on the other hand, can produce endothelial damage [3,7,11], promote platelet deposition [12] and may promote plaque rupture [2,11], resulting in further development of atherosclerosis.

Amongst the various haemodynamic factors attributed with abnormal blood flow characteristics, shear stress patterns and values are thought to be the main factors in initiation and development of atherosclerosis, in the current literature [13-17]. Abnormalities such as low shear stress, reversing and oscillatory shear force patterns, and temporal variation of shear stress are the most cited factors [13-17]. This is based mainly on clinical observations at arterial sites with more frequent plaque formation such as the inner curvatures of coronary arteries, where shear stress is low, or near bifurcations, where shear stress is oscillatory and reversing [18,19].

While these data have provided helpful insights and explanations into the relationships between shear stress and plaque development, direct proof that mere deviations in shear stress from its normal physiological pattern alone induces atherosclerosis is lacking [20]. Indeed, there are clinical findings reporting that plaques have still been formed and developed in areas without geometric complexities as with bifurcations or curvatures, and at the sites with relatively more steady and higher shear stresses than those reported in the studies correlating low or oscillatory shear stresses with atherosclerosis [21-24]. These readings imply that there may be additional factor(s) to shear stress that may also contribute to initiation and regulation of atherosclerosis. Since the other main stress component acting on the arterial wall in each cardiac cycle is the circumferential stress, it may be reasonable to assume that it could be the additional factor. However, there are no reports and findings of direct evidence between circumferential stress and plaque formation and development. Thus we hypothesis that a complex interrelationship between these two stresses may be a more accurate haemodynamic index in determining the initiation and regulation of atherosclerosis. We propose a particular relationship in the following section. 
The theory 

In light of the above, the following theory is presented:

1-	The angular phase difference between the wall shear stress and circumferential stress waves may be a more precise parameter in determining plaque formation and growth, rather than the mere shear stress patterns and values alone. 

2-	The more positive the value of this angular difference at an arterial site, the greater the potential for plaque formation or development.


A methodology to evaluate the theory

In order to explore the proposed theory, and for a more comprehensive understanding of alterations of haemodynamic factors in atherosclerosis, a new experimental setup was developed, along with a computational model, to study the patterns and alterations of both circumferential and shear stresses in each cardiac pulse. Experiments were designed and performed to simulate flow in normal physiological state, as well as in atherosclerotic conditions, modelled as symmetrical luminal atherosclerotic stenosis of varying severity. 

The experimental set-up is presented and described in the authors’ previous paper [25], and thus will not be discussed in details here. Briefly, it is an open loop hydraulic system comprising of five major components: a programmable pulsatile flow pump, an elastic element placed before and coupled to an elastic tube, an elastic tube, a resistant element, and data acquisition and processing system (Figure 2a).

The pump accounts for the heart, producing pulsatile arterial flow, the elastic element represents the elastic coupling of the heart to the arterial tree via the highly distensible aortic root, the elastic tube embodies an elastic artery prototype, and the resisting element corresponds to the peripheral resistance of the circulatory tree. The pressure transducers and the data acquisition system measure the pressure at the inlet and outlet of tube in real time, and monitor the corresponding pressure waves, at various scales of induced luminal stenosis and different stenotic stiffness. 
A computational numerical model of the elastic tube within the experimental setup was also developed. A typical model of stenosis is shown in Figure 2b. The experimentally measured inlet and outlet pressure waves in normal physiological condition and different luminal stenosis were used as the input data to the model. The model then calculated the corresponding wall shear stress and circumferential stress waves for each case study, at the stenosis neck and the post-stenosis region, shown in Figure 2b. Arterial haemodynamics for a healthy artery, i.e. 0% stenosis, and different scales of stenosis up to 80%, were simulated by the experimental set-up and the corresponding pressure waves were measured. Here, for the purpose of this study, we only present the results for healthy model, together with results for 50% and 80% stenosis. The measured pressure waves during one typical cardiac cycle of 0.86 s, which correlates to 70 heart beats per minute, are shown in Figure 3a and 3b. The corresponding circumferential and wall shear stresses calculated by the model at the two designated regions are shown in Figure 3, panels 3c to 3f. 

The results show that as the atherosclerotic stenosis develops, i.e. the stenosis becomes more sever and the arterial cross-section becomes narrower; the wall shear stress wave possesses higher values at the stenosis neck (Figure 3e). The results suggest that there is no positive correlation between the low levels of shear stress, and the severity of the stenosis at the stenotis neck. Additionally, the post stenosis region is clinically known to be the site more prone to plaque development. Our results also indicate that shear stress waves posses lower values, and are generally more oscillatory, at the post-stenosis region compared to the stenosis neck. However, comparing the post-stenosis region results, the wall shear stress wave is more oscillatory at 50% stenosis compared to 80% (Figure 3f), suggesting no positive direct correlation between the alterations in shear stress patterns and greater severity of atherosclerosis. 

Now, to account for the effects of changes in circumferential stress waves as well as the wall shear stress waves, a mathematical algorithm based on the discrete Fourier transform (DFT) was performed, to calculate the angular phase difference of these two waves, both at stenosis neck and post-stenosis region. Figure 4 shows this angular phase difference between the two waves in the first four harmonic frequencies. As the figure shows, the angular phase difference at the first harmonic frequency, also referred to as the main frequency, tends towards positive values, i.e. less negative values, as the severity of stenosis increases, both in the stenosis neck and post-stenosis region. The values of angular phase difference at first harmonic frequency are designated with dashed oval in the figure. The results thus suggest that there is a positive correlation between the value of angular phase difference, and the severity of stenosis, and the potential regions more prone to plaque development. Based on these analysis and results, the proposed theory in this paper appear to encompass the current explanations of a possible relationship between the clinical findings and haemodynamic parameters, as well as accounting for cases that shear stress alone could not have provided enough insights and explanation for plaque formation and development.    


Implications and further developments

More rigorous modelling studies, as well as clinical investigations are needed to fully investigate the extent to which our theory can explain the observed plaque formation sites and patterns. Indeed, we are currently carrying out more modelling analysis, and in more details, as part of an on-going research programme in our labs. If proved correct, this theory can transform our understanding of endothelial cell mechanotransduction and mechanobiology, in healthy state, as well as in pathological conditions triggering and regulating the development of atherosclerosis. 
 
From a cell-mediated tissue engineering point of view, as well as regenerative tissue engineering, it is imperative to understand the mechanical cues that regulate the biological behaviour of the cells, accurately. Mechanical loads are important part of the set of boundary conditions that are replicated by bioreactors seeded with cells in laboratories, for in vitro cell-mediated biosynthesis of extra-cellular matrix. The new mechanical index presented in this paper accounts for more comprehensive loading mode, combining the effects of shear and circumferential stresses. If this proves to be a more accurate measure of the mechanical stimulus perceived by the endothelial cells in vivo, it can facilitate achieving a more precise loading environment within the bioreactors, leading to more efficient tissue-engineering strategies. Conversely, neglecting the effects of circumferential stress in setting the loading conditions may result in suboptimal and inconclusive outcomes. In view of this, the application of the presented theory may also be extended to other cell types, which similarly experience cyclic repetitive loading environments, exposed to combination of stress/strain modes.

From a clinical point of view, the proposed criterion in this paper could be used as a new index in numerical and experimental models, to predict the sites for plaque formation and growth. Application of this theory in medical diagnosis could allow for the real pressure record of a patient with abnormal arterial blood pressure to be used for determination of the potential sites for atherosclerosis development, provided that the geometry of the artery is known with a reasonable level of accuracy. This may lead to design and utilisation of new diagnostic procedures and equipment, as predictive and preventive clinical tools for such patients. 
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Figure 1 - (a) Structure of Arterial wall, (b) Multi-directional stresses exerted by blood flow on the endothelial cells lining within the arterial wall in each cardiac cycle (reproduced by the kind permission of IOP publishing from reference [8]).

Figure 2 - (a) Schematic of the experimental set-up (reproduced by the kind permission of Springer from reference [25]), (b) The typical stenosis computational model used to calculate the wall shear stress and circumferential stress waves.

Figure 3 - Experimental and computational results for healthy and stenosis conditions: (a) Inlet pressure waves, (b) Outlet pressure waves, (c) Circumferential stress waves in at the stenosis neck, (d) Circumferential stress waves at the post-stenosis region, (e) Wall shear stress waves at the stenosis neck, and (f) Wall shear stress waves at the post-stenosis region.
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